The small intestines of calves inoculated orally with the enteropathogenic strain of Escherichiu coli 0101:K'B41', K99 were examined by electron microscopy at 3, 6, 12, 16, 21, 36, 69, 70 and 72 hours after inoculation. The challenge organism adhered to the mucosa of the distal small intestine from six hours post-inoculation. Bacteria were separated from the microvillous brush border by a gap of 200 to 300 nm in which bacterial fimbriae and the microvillous glycocalyx were seen. Bacteria never were found in epithelial cells but were present in macrophages in the lamina propria from 12 hours. At three and six hours, cytopathic changes were not seen in the small intestine, but from 12 hours epithelial cells on affected villi had blunt and thick microvilli and contained cytoplasmic inclusions. Epithelial cells were seen frequently in the process of extrusion from the villi, either singly, in small groups, or as ribbons of cells. Intervillous bridges, characteristic of villous fusion, were seen frequently from 69 hours. I90 
Ultrastructural investigations into enteric colibacillosis of calves have received little attention in the past because of the difficulties of reproducing the disease consistently. The ultrastructural lesions of the small intestine after the introduction of both septicemic and enteric strains of Escherichia coli into closed intestinal loops in calves have been studied [7] , and the electron-microscopic appearance of E. coli on the brush border of intestinal cells after oral challenge has been described [ 11. More detailed electron-microscopic studies of E. coli in the intestine have been reported in pigs 12, 4, 121 and rabbits [14] .
An important feature of all these studies was the association between the bacteria and the epithelial cells of the villous mucosa. In the pig, while some workers showed that E. coli regularly penetrated intestinal epithelial cells [ 121, others using different serotypes did not find this [2] , or only rarely found bacteria in epithelial cells [4] .
In earlier studies [8, 101, bacteria were cultured regularly from the mesenteric lymph nodes in calves challenged orally with E. coli. They were recovered from this site as early as three hours after oral inoculation. Fluorescing organisms also were seen in the epithelial layer and lamina propria from 12 hours after inoculation. Since E. coli were found consistently in the mesenteric lymph nodes, they must have crossed the intestinal epithelial cell barrier, but the route of access was not established.
We investigated the cytopathological changes in the mucosa of the small intestine of calves challenged with an enteropathogenic strain of E. coli.
Materials and Methods
Fifteen newborn unsuckled bull calves of either Ayrshire or Friesian breed were used. The experimental protocol and histological, immunofluorescence, and scanning electron-microscopic findings have been reported [8, 9, 101 . Five calves were kept as uninoculated controls; three were killed when 12 hours old and two when four days old. Ten calves were challenged orally with the enteropathogenic strain of E. coli 0101:K'B141', K99 (previously known as OlOlK? [A]). Two calves were killed at three hours after inoculation and one each at 6, 12, 16, 21, 36, 69,70 and 72 hours.
Samples of tissue 3 x 2 mm in size were removed from 10 sites in the small intestine of control and challenged calves under general anesthesia [8, 101. At least three sites in the small intestine of each calf from the proximal, middle, and distal regions were examined in the electron microscope. During the histological investigations, lesions were located consistently in the distal half of the small intestine. Five blocks of tissue from each site were processed for examination in the electron microscope. Samples were fixed in 4% glutaraldehyde in sodium cacodylate buffer, pH 7.2, for two hours at 4°C. They were post-futed in 1% osmium tetroxide for two hours at room temperature. The tissues were dehydrated in a graded series of ethanols and embedded in araldite. Ultrathin sections were cut on an ultramicrotome, stained with uranyl acetate and lead citrate [ 1 13 , and examined in an electron microscope.
Results
Control calves: In the small intestine, columnar epithelial cells with long, closely packed microvilli covered the villi. An apical tubulovesicular system was prominent in most cells at all sites in the calves killed when 12 hours old and in the distal small intestine of the calves killed when four days old. Mitochondria tended to be concentrated toward the base of the cells and the nuclei had prominent nucleoli. Small phagosomal remnants of apoptotic bodies were seen occasionally in the cytoplasm of epithelial cells toward the bases of villi. Goblet cells and intra-epithelial lymphocytes were seen frequently. Occasional crypt cells contained apoptotic bodies, similar to those described in rats [ 5 ] .
Challenged Calves: Changes in cells were not found at any site in the small intestine in the two calves killed three hours after inoculation with E. coli. In the distal small intestine of these calves, at sites where immunofluorescence showed some bacteria, electron microscopy showed none.
In the calf killed six hours after inoculation, the cellular features of the small intestine at sites in the proximal, middle and distal regions resembled those seen in normal calves. In the distal small intestine, however, a few bacteria were identified in the lumen adjacent to the brush border. The epithelial cells were columnar and the microvilli were of normal length and spacing. Organelles within the cells looked normal. When bacteria were seen at 6 to 72 hours after inoculation, they were separated from the microvilli by a space of 200 to 300 nm. They were up to 2 pm long by 0.6 to 0.8 pm wide and the ends were rounded. The outer cell wall was trilaminar, and radiating from it were numerous fine fibrillar strands forming a hirsute layer ( fig. 1 ).
In the calf killed 12 hours after inoculation, the proximal small intestine looked normal. In the middle small intestine, however, some epithelial cells contained vesiculated inclusions in the cytoplasm, but no other abnormalities were found. In the distal small intestine, similar inclusions were seen and bacteria lay adjacent to the microvillous border of the villi. Many of these were arrayed with their long axes at right angles to the cell surface. There was disruption and blunting of microvilli associated with bacteria. There was occasional shedding of epithelial cells, and a cellular exudate in the lumen consisting of polymorphic leukocytes, mononuclear cells and effete cells, of indeterminate origin, with bacteria in their cytoplasm. This cellular exudate corresponded to that seen histologically at this site and at this interval after inoculation. Bacteria were identified within clear vacuoles in macrophages in the villous lamina propria ( fig. 2 ). They also were seen either singly or in large numbers within macrophages in the villous lamina propria at later times after inoculation.
The distal small intestine of the calf killed 16 hours after inoculation resembled that of the calf killed at 12 hours, but fewer organisms were seen and no bacteria were found in the lamina propria.
Cell changes were not seen in the proximal small intestine at 21 hours, and no bacteria were found in the lumen. Bacteria were identified in the middle small intestine, however, where there was shedding of occasional degenerating epithelial cells, with loss of microvilli and swollen mitochondria. Intra-cytoplasmic amorphous inclusions, common in epithelial cells ( fig. 3 ), also were present in epithelial cells on villi where bacteria were not found in association with the mucosa (fig. 4 ), and where cells were otherwise normal. Pale cells (possibly mononuclear cells) containing large phagosomal inclusions ( fig. 4 ) were seen also.
By 36 hours, many bacteria were seen on the surface of the small intestine. Microvilli of some epithelial cells were of normal length, but the majority were blunt and thick. The tubulovesicular system was absent from the apex of the cells. Occasional effete epithelial cells extruded from the villi.
From 69 hours after inoculation, in all three calves, changes were not found in the proximal and middle small intestine but were present in the distal small intestine. The epithelial cells often were cuboidal, although columnar cells were present as well. The majority of microvilli, even on columnar cells, were blunt and thick. In one calf the microvilli were severely disrupted and formed irregular bridges from which the central filamentous elements were absent. There was still loss of the tubulovesicular system and some cytoplasmic inclusions were still seen.
There was an increase in the number of polymorphic leukocytes in the venules, lacteals and lamina propria of the villi. Frequently individual polymorphic leukocytes penetrated between villous epithelial cells, and occasionally several were together. The cells in the lamina propria that had increased in number were chiefly mononu- Various numbers of bacteria were present on many villi ( fig. 6 ), but were not adherent to all villi at a particular site. A mononuclear cell containing two organisms was identified in the epithelium of one calf. This cell also contained a large phagosome ( fig. 6 ) and resembled similar ones seen at 2 I hours post-inoculation ( fig.  4 ). Small numbers of organisms also were seen in macrophages in the crypt lamina propria. Bacteria were not found in the cytoplasm of epithelial cells at any time after inoculation.
Extrusion of epithelial cells from the villous surface was common at sites away from the normal extrusion zone at the tip of the villus. The process took several forms. Cells with electron-dense cytoplasm, vacuoles, and swollen mitochondria were present in the epithelial cell layer and gave the impression of being compressed, showing early extrusion from the epithelium. Single degenerated cells in which few organelles could be distinguished ( fig. 6 ) were seen leaving the epithelial surface. Occasionally, cells with few cytoplasmic changes apart from blunt or abnormal microvilli were detaching singly from a villus with separation at desmosomes and lateral interdigitations. Frequently, groups or ribbons of epithelial cells became round and separated from the villous surface ( fig. 7 ). Sometimes the exfoliating cells were in close proximity to an adjacent villus, and occasionally, small aggregates of epithelial cells, recognizable by their intact microvilli, were free within the lumen. In none of these separations of epithelial cells from the villi did we see exposure of the lamina propria to the lumen.
Epithelial cell bridges between villi were common, and took several forms. Columnar epithelial cells with distended cisternae of the rough endoplasmic reticulum extended between villi (fig. 8 ), and occasionally one surface did not have microvilli. Microvilli covered the luminal surfaces of most bridges, however ( fig. 9 ). In some bridges, the cytoplasm of the cells was attenuated, and sometimes several bridges were present between two villi. A constant feature of the bridges was the prominence of desmosomes, which were more numerous than between normal cells.
Fewer polymorphic leukocytes were seen in the lumen from 69 hours than at 12 
Discussion
Cell changes detectable by electron microscopy were present at sites where lesions were identified by light microscopy [8, 101 . Bacteria adhered to the intestinal mucosa from six hours after inoculation at sites comparable to those at which they were found by light microscopy and were shown by specific immunofluorescence to be E. coli serotype 0 10 1 K'B4 l', K99. Immunofluorescence microscopy showed bacteria adhering to the mucosa of the distal small intestine by three hours but no bacteria were seen by electron microscopy. This was probably a reflection of the small numbers of organisms present at this time. The ultrastructural features of these organisms conformed to previous descriptions of E. coli [3, 61. Microbiological studies of mesenteric lymph nodes [8] had shown that the organisms were found at this site from three hours after inoculation; therefore, penetration of the epithelial barrier occurred early. The mechanism by which the bacteria gained access to the lamina propria, however, was not determined. They were found frequently in macrophages in the villous and crypt lamina propria and occasionally in polymorphic leukocytes in our study. They also were seen in intra-epithelial monocytes, and it is possible that they were picked up within the epithelium and transported to the lamina propria. Invasion of epithelial cells by E. coli was not seen in any calf at any site, however, which agrees with the findings of other workers using the same serogroup as we used [7] and other enteropathogenic strains of E. coli [ 11. In guinea pigs challenged with salmonella, the tight junction (zonula occludens) might be penetrated by the bacteria and subsequently reformed [ 131; it is possible that E. coli may follow the same route. The tight junctions are detached and reformed normally during the process of cell extrusion [16] , and therefore it may not be possible to find a separated tight junction even after it has been penetrated by a bacterium.
The bacteria were not found in direct physical contact with the microvilli, but invariably were separated by a space as narrow as 200 nm. This space corresponded to that occupied by the fimbriae of the bacteria and the glycocalyx of the microvilli and has been seen in pigs [2, 41 and calves [l] . This finding is in contrast to those in rabbits [ 141, in which E. coli were intimately associated with the host-cell membranes.
Bacteria were found adjacent to the microvillous brush border at six hours, but no cell changes were seen in the epithelial cells at this time. At later stages, when bacteria were present the microvilli were usually blunt. One calf showed severe disruption and distortion of the microvillous surface, but the reason for these severe changes was not determined. The absence of bacteria from some villi correlated well with light microscopic and immunofluorescence findings. Cell changes were present on some villi to which bacteria were not adherent. It is possible that such changes were associated with bacteria on adjacent villi; that the bacteria may have been displaced during processing; or that they may have become detached from the villi after the damage was done. A similar finding was reported in pigs [12] , where cells with short microvilli were found in the absence of adhering bacteria 20 hours after inoculation with E. coli.
The earliest change was the presence of intracellular inclusions in the cytoplasm of some epithelial cells in the middle and distal small intestine from 12 hours after inoculation. Similar cytoplasmic changes have been seen in association with Salmonella typhimurium infection [ 151. In bacterial infections, multivesicular bodies and increased numbers of intracellular inclusions usually are associated with the presence of organisms in the epithelial cell cytoplasm. We saw no bacteria within epithelial cells, however, and the reason for this change is unknown. The tubulovesicular system which was prominent in the apex of the epithelial cells of the normal calves was present up to 21 hours in the challenged calves. It was not seen thereafter in any calf. This system has also disappeared in piglets challenged with E. coli [4, 121 and its absence may affect the absorptive ability of the cells [4] .
There was an increased number of polymorphic leukocytes in the lamina propria and infiltrated between epithelial cells, particularly in the calves killed at the later stage of the disease. Increased numbers of polymorphic leukocytes were found in Shigella flexneri [ 161 and Salmonella typhimurium [ 151 infections in guinea pigs. Degeneration of E. coli within macrophages was not seen in our study, nor in an earlier study on phagocytosed salmonella in guinea pigs [13] .
Epithelial cell loss was a constant feature in our study, and was particularly prominent from 12 hours after inoculation. The loss occurred from points outside the normal extrusion zone of the villi. The cells were shed individually, in groups, or as strips. The cells found free within the lumen were often well preserved, indicating that they had separated from the villus before undergoing degeneration. This feature was seen in guinea pigs with bacillary dysentery [16] , and it was suggested that strips of cells leaving one villus might attach to an adjacent villus, leading to the formation of a bridge [16] . Epithelial bridges we saw corresponded to the fused villi seen by light microscopy. Strips of epithelial cells seemed to be separating from one villus and becoming attached to an adjacent one, a similar finding to that described by other workers [ 161. Prominent desmosomal attachments were found between the cells forming the bridges, and it is possible that this mechanism was responsible for the firm adhesion between villi.
